Height is fundamental to assessing growth and nutrition, calculating body surface area, and predicting pulmonary function in childhood. Its measurement is hindered by muscle weakness, joint, or spinal deformity. Arm span has been used as a substitute, but is inaccurate. The objective of the study was to identify a limb measurement that precisely and reproducibly predicts height in childhood. Males (n=1144) and females (n=1199), aged 5 years 4 months to 19 years 7 months, without disability were recruited from Melbourne schools. Height, arm span, ulna, forearm, tibia, and lower leg lengths were measured with a Harpenden stadiometer and anthropometer. Prediction equations for height based on ulna length (U) and age in years (A) were developed using linear regression. Ulna centile charts were developed by the LMS method. For males, height (cm)=4.605U+1.308A+28.003 (R 2 =0.96); for females, height (cm)=4.459U+1.315A+31.485 (R 2 =0.94). Intra-and inter-observer variability was 0.41% and 0.61% relative to the mean, respectively. Height prediction equations from tibia, forearm, and lower leg length were calculated. We show that ulna measurement is reproducible and precisely predicts height in school-age children. It appears to be superior to arm span measurement when neuromuscular weakness, joint, or spinal deformity exists. Ulna growth charts should facilitate growth assessment.
Height measurement is important for monitoring growth and nutrition (Sood and Kapil 1991 , Walker et al. 1996 , Flegal et al. 2002 , calculation of medication dose (Bailey and Briars 1996) , glomerular filtration (Wang et al. 1992, Bailey and Briars 1996) , and predicting normal ranges of pulmonary function tests (Zapletal et al. 1969 , Knudsen et al. 1983 , Schwartz et al. 1988 ). Inability to measure height accurately limits medical assessment. Children whose height is difficult to measure include those who only use wheelchairs as a result of cerebral palsy (CP) or neuromuscular weakness, those with spinal deformity, and those with lower limb amputation or deformity. Arm span has generally been substituted for height measurement, and good prediction equations exist (Hibbert et al. 1988; Jarzem and Gledhill 1993; Cheng et al. 1996 Cheng et al. , 1998 Parker et al. 1996) .
Accurate arm span measurement relies on consistent and precise positioning. To achieve this, the back is placed against a wall, and active and full extension of the arms held at right angles to the trunk is necessary. This outstretched position must be maintained until correct positioning is confirmed and a measurement can be taken (Miller and Koreska 1992 , Jarzem and Gledhill 1993 , Cheng et al. 1996 . Forming and holding this position becomes impossible where significant neuromuscular weakness, joint deformity, or abnormal muscle tone exists. In these situations arm span measurement becomes imprecise. In spinal deformity, simple height measurement with a stadiometer leads to an inaccurate representation of stature. Arm span measurement in this group is also inaccurate owing to the effect of spinal deformity on positioning for the measurement. Rotational, kyphotic, and lordotic deformities limit the ability to place the back firmly against a vertical wall. Shoulder imbalance leads to disparity in the level of the arms from the floor, which reduces accuracy (Bago et al. 1996) .
Despite limitations in the precision of arm span measurements in children with disability and in those with deformity, this method is still being used extensively to predict height. Upper limb (Linderholm and Lindgren 1978 , Miller and Koreska 1992 , Jarzem and Gledhill 1993 and knee height (Johnson and Ferrara 1991, Hogan 1999 ) measurements have been used but their use is not widespread. This study sought to determine whether an accessible distal limb measurement could be reliably and reproducibly measured in children for the accurate prediction of height, and to develop prediction equations for height from the anthropometric measurement.
Methods

PARTICIPANTS AND PROCEDURE
Detailed methods of this study have already been described (Gauld et al. 2003) . Students aged 5 to 19 years were recruited from metropolitan Melbourne schools. Study sample range was 5 years 4 months to 19 years 7 months. A screening questionnaire was completed in order to exclude the following: individuals with asthma who had required medication in the preceding 4 weeks; those who were born preterm (gestation of less than 35 weeks); those with spinal deformity; those using medication thought to alter growth; those with neuromuscular weakness or abnormal tone; and those with any other major medical illnesses or growth disturbance. Parents or guardians were asked to provide information about their child's racial background to allow racial subgroup analysis. A paediatric respiratory physician conducted a brief examination of the spine to exclude those with spinal deformity.
Recruited children had their height, weight, arm span, ulna, forearm, tibia, and lower leg length measured with a Harpenden Portable Stadiometer (Holtain Ltd, Crosswell, UK), Wedderburn electronic scales (Wedderburn, Southampton, UK), an arm span stadiometer (Hibbert et al. 1988 ) and a Harpenden anthropometer (Holtain Ltd, Crosswell, UK). All measurements were performed in light clothing with shoes and socks removed. Weight measurements were in kilograms to the nearest 100g. All other measurements were in centimetres to the nearest millimetre. Age was calculated in (decimal) years from the day of the measurement. All measurements were taken by a paediatric respiratory physician or a registered nurse.
Ulna length was obtained in the sitting position with the left forearm resting comfortably on a table. The palm faced downwards and the fingers were extended but together. The elbow was bent at 90 to 110˚. The proximal end of the ulna was found by palpating along its length. The tip of the styloid process was felt at the wrist by palpating down the length of the bone distally, until its end was felt. The tips of the Harpenden anthropometer were placed adjacent to both end points ( Fig. 1) . A detailed description of the other measurements is provided in Gauld et al. (2003) .
To determine reproducibility of the measurements, 14 participants were measured on two separate occasions on the same day by a paediatric respiratory physician. Both the paediatric respiratory physician and an independent observer, trained in making the measurements, measured another 15 participants.
Each limb measurement was recorded for a small group of children with neuromuscular weakness and joint deformities in order to subjectively evaluate the ease of positioning, identification of landmarks, and performance of the measurements in the target group.
STATISTICAL ANALYSIS
A large sample was used to ensure that variation across the age range could be adequately described and so that results would have a precision comparable to that of previous studies (Hibbert et al. 1989 ). Data were double-entered into two identical forms of a Microsoft Access database that had built in validation checks. Stata statistical software was used for analysis.
Intraobserver and interobserver variability were analyzed by calculating the standard deviation (SD) of differences between repeat measurements by the same observer (intraobserver) and independent observers (interobserver; Chinn 1991). These were used to derive the SD of individual values, which was expressed as a percentage of the mean. Linear regression equations were developed, and these included each of the anthropometric measurements and age. Reference ranges were calculated to include 95% (2SD) of children without disability. Growth charts showing change in ulna length with age were developed using the LMS method (Cole 1990, Cole and Green 1992) . This method uses the median (M), coefficient of variation (S), and skewness (L) to fit smooth centile curves to reference data.
The Asian subgroup was compared to all other groups by using interaction terms in each linear regression analysis. This was in order to assess whether the pattern of the relationship between height and the anthropometric measurements was similar between the two groups. A two-degree-of-freedom Wald test was used, and separate prediction equations were obtained for the Asian group whenever this test indicated statistical difference at p=0.05.
ETHICAL APPROVAL
The study was approved by the Royal Children's Hospital Ethics in Human Research Committee, Sydney, and the Department of Employment, Education and Training of Victoria, Melbourne, Australia. Written informed consent was obtained from parents and from children over the age of 12 years.
Results
A total of 2810 students (53% of those approached) returned a completed questionnaire and consent form; 467 children were excluded on the basis of their questionnaire responses or scoliosis examination. The age distribution was consistent from 7 to 18 years, with few outliers.
Each anthropometric measurement was highly reproducible. The SD of intra-observer differences for repeat ulna 
Intraobserver and interobserver variability were calculated similarly for all repeat measurements and are shown in Table I . Prediction equations for height from each of the anthropometric measurements have been developed from linear regression analysis. Age was included to improve the accuracy of prediction; however, weight did not significantly improve accuracy and was therefore not included. The prediction equations and 95% reference ranges are shown in Table II . The relationship between height and ulna length is graphically represented in Figure 2, age) and reference range are overlaid. The prediction equation depicted had R 2 =0.95 for males and R 2 =0.92 for females, compared to R 2 =0.96 for males and R 2 =0.94 for females when age was included. Growth charts for change in ulna length with age for males and females are shown in Figure 3 . Table III summarizes the racial mix of included students. Most of the children were Caucasian (n=1801) or Asian (n=307). The prediction equations developed are precise for the Caucasian subpopulation. The most anthropometrically distinct subpopulation was the group from Asia. Prediction equations for height in the male and female Asian subpopulation were significantly different (p<0.05) when using arm span, forearm, or tibia length as independent predictors. There was no significant difference in the prediction equations when ulna length was used. The prediction equations for the Asian subpopulation are summarized in Table IV , along with R 2 , root mean square of the error, and p value for the difference.
PERFORMANCE OF MEASUREMENTS IN DISABLED CHILDREN
Twenty children with Duchenne muscular dystrophy underwent the limb measurements. Mean age was 12 years 1 month (range 7 years 2 months to 18 years 6 months). Seventeen children required a wheelchair. All children had significant fixed ankle deformity, and 14 had significant wrist and elbow contractures. The ulna was readily accessible in all children, and the elbow could be placed at 90˚or greater, enabling easy identification of the proximal end of the ulna. The ulna styloid process was readily identifiable in all children, and its identification was not limited by wrist contracture (Fig. 4) . Identifying the distal end of the medial malleolus, and obtaining a tibia length measurement was found to be increasingly difficult as equinovarus deformities of the ankle worsened in severity. Adequate positioning for forearm and lower leg length measurements was not possible for any child with wrist or ankle deformities.
Discussion
Each of the distal limb anthropometric measurements investigated is a precise predictor of height in children without disability. The accuracy of height prediction from ulna length (males R 2 =0.96, females R 2 =0.94) is comparable to that from arm span (males R 2 =0.97, females R 2 =0.91). The measurements have readily identifiable landmarks that facilitate their measurement (Jarzem and Gledhill 1993) . They are accurate and reproducible, as highlighted by the small individual SD for repeat measurements (Table I) . Using ulna length and the prediction equation should facilitate height estimation when its accurate measurement is not possible. Ulna growth charts provide the normal range and centiles for ulna length compared with age. This permits the comparison of an individual's measurement with that in the population of those without disability.
Ulna length measurement with a Harpenden anthropometer is simple, requiring only superficial palpation. The technique can be taught quickly to clinical staff. Spender et al. (1989) compared measurements of upper arm length obtained by using steel and plastic tape measures with those obtained by using an anthropometer: values obtained were on average 1.03cm (SD 0.2cm) and 1.1cm (SD 0.25cm) greater than the anthropometer values respectively, and the intraobserver variability was greater (p=0.002). A similar degree of inaccuracy would be expected when measuring the ulna with a tape measure, and is not recommended. Vernier callipers are readily available from Holtain Ltd (Crosswell, UK) and can be used as an alternative to a Harpenden anthropometer. Measurements were performed on only one side of the body, because symmetry has previously been demonstrated (Miller and Koreska 1992, Cheng et al. 1998) . In those with hemiplegia, the ulna of the non-affected side should be measured. Snyder et al. (1977) have obtained anthropometric measurements of a large group of children without disability in the United States. These normative data have been used to develop prediction equations for height from measurements of the upper arm, forearm, ulna, lower leg, and arm span (Spender et al. 1989, Miller and Koreska 1992) . Miller and Koreska (1992) evaluated the prediction equations for height from forearm, ulna, and arm span in three groups: children without wrist contractures, children with idiopathic scoliosis, and children with Duchenne muscular dystrophy. In those with scoliosis, height was estimated by radiographic spine reconstruction. In children without wrist contractures, and those who have idiopathic scoliosis or Duchenne muscular dystrophy without wrist contractures, estimation of height from forearm or ulna measurements have correlation coefficients of 0.96 and 0.91, respectively (Miller and Koreska 1992) . In children with Duchenne muscular dystrophy and wrist contractures, forearm measurements could not be obtained and arm span did not correlate well with height (r=0.475). Ulna length remained a good predictor of height (r=0.91). The current study has developed different prediction equations that include age, in addition to the anthropometric measurement, leading to greater precision than in the prediction equations developed by Snyder et al. (1977) . Spender et al. (1989) evaluated the prediction equations for height from upper arm and lower leg lengths developed from the data of Snyder et al. (1977) . Growth in CP was assessed. In the 47 children with spastic quadriplegia, height or recumbent length could be measured in only 17 children, upper arm length in only 43 and lower leg length in only 46. Both upper arm (males r=0.7, females r=0.86) and lower leg (males r=0.67, females r=0.86) were found to be good predictors of height in the 6-to 19-year age group, suggesting that long bone growth remains proportional to height in children with spastic quadriplegia (Spender et al. 1989 ).
Prediction equations for height from knee height have been developed from normative data. These prediction equations have been used to compare the patient's recumbent length to knee height and, hence, predicted stature in children with CP which affects the lower limb. Johnson and Ferrara (1991) found that the prediction was not accurate in males aged 12 to 18 years with lower limb CP (R 2 =0.54) but was accurate in females (R 2 =0.95). Hogan (1999) was unable to obtain the knee height measurement in 34 of 56 children because of the severity of the lower limb involvement with CP. In those for whom measurement was obtained, knee height was a reliable predictor of recumbent length (R 2 =0.78). In the present study, both the tibia and lower leg length measurement were impeded by equinovarus deformities of the ankle. Ulna length measurement is not impeded by joint deformity, and its accuracy should not be impaired.
An accurate predictor of height, such as ulna length, could be used to aid in monitoring of growth and nutrition. Body surface area can be estimated from height and weight, and can be used to calculate medication doses, renal function, cardiac output, and oxygen consumption (Wang et al. 1992, Bailey and Briars 1996) . Predicted values of pulmonary function tests rely on accurate height measurement and, therefore, using ulna length to predict height could facilitate this (Zapletal et al. 1969 , Knudsen et al. 1983 , Quanjer et al. 1989 ).
Conclusion
Measurement of ulna length with a Harpenden anthropometer is accurate and reproducible, and provides a precise predictor of height in children without disability. The ulna is accessible in those with severe disabilities, and its landmarks are readily identified in those with muscle weakness and joint deformities. Ulna growth charts allow easy comparison with the normal population. Children from Asia are anthropometrically distinct, but prediction of height from ulna length is not altered in this subgroup. Using ulna length to predict height in children with CP, neuromuscular weakness, spinal deformities, or other disabilities should facilitate the assessment of growth, the calculation of body surface area, and the prediction of normal values of pulmonary function tests.
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